Down syndrome (DS) is one of the most common causes of intellectual disability. Although DS accounts for only 15% of all individuals with intellectual disabilities, adults with DS account for approximately 60% of individuals with intellectual disabilities and Alzheimer's disease. This is thought to be because of overproduction of the b-amyloid (Ab) protein due to trisomy for the Ab precursor protein gene on chromosome 21. Pittsburgh compound B (PiB) is a noninvasive in vivo positron emission tomography tracer used to image amyloid deposition in living humans. Studies using PiB have shown an age-dependent asymptomatic amyloid deposition in more than 20% of the cognitively normal elderly population. Presymptomatic carriers of presenilin (PS-1) and Ab precursor protein gene mutations who are destined to develop Alzheimer's disease also show preclinical amyloid deposition. This report describes a pilot study involving the use of PiB in seven adults with DS (age: 20-44 years). Compared with objective cutoffs for amyloid positivity in older non-DS cognitively normal control subjects, only two of the seven DS subjects (age: 38 and 44 years) showed increased PiB retention. The remaining five subjects aged between 20 and 35 years showed no detectable increase in PiB retention. Interestingly, the two subjects who showed elevated PiB retention showed a striatalpredominant pattern similar to that previously reported for PS-1 mutation carriers. These results demonstrate the feasibility of conducting PiB positron emission tomography scanning in this special population, and suggest a link between Ab overproduction and early striatal deposition of fibrillar Ab.
Introduction
Down syndrome (DS) is one of the most common causes of intellectual disability, accounting for approximately 15% of all individuals with intellectual disabilities. The incidence of DS is 1:800 live births, with an estimated 7000 babies born with DS annually [1] . Although the incidence of Alzheimer's disease (AD) among individuals with intellectual disabilities has been found to be no different than among those in the neurotypical population [2] , adults with DS comprise up to 60% of individuals with intellectual disabilities who show signs of AD [3, 4] . Evidence suggests that individuals with DS experience premature aging, perhaps as much as 20 years earlier than would be expected in normal aging. It is also known that individuals with DS develop AD at an early age and progress rapidly [5] .
Although the average life expectancy of individuals with DS remains lower than that of neurotypical adults, the number of older DS adults has been increasing. The current mean life expectancy exceeds 50 years, with 20% or more of the DS population now aged .55 years [6, 7] . The fact that more than a third of DS adults aged .50 years and more than one half of DS adults aged .60 years have been diagnosed with AD presents a significant public health problem [8] . Additionally, it has been recently demonstrated that DS subjects aged .45 years show significant cortical Pittsburgh compound B (PiB) uptake, regardless of dementia diagnosis [9] . It is important to note that age-associated decline among nondemented individuals with DS through the fifth and even sixth decade of life is not inevitable, although is does occur in many individuals [10] . Consequently, changes in cognitive functioning in this population are likely to be indicative of early stages of AD, after other potential causal factors, such as hypothyroidism or depression, are ruled out.
Postmortem studies of brain tissue in individuals with DS have shown neuropathological changes similar to those observed in individuals diagnosed with AD, characterized by the presence of neurofibrillary tangles and neuritic plaques in the brains of almost all DS individuals by 40 years of age [11, 12] . In one study, the mean age at onset of dementia in patients with DS was 56 years, and prevalence increased from 11% between the ages of 40 and 49 years to 77% between the ages of 60 and 69 years. All subjects aged 70 years had dementia [5] . In contrast, the prevalence of dementia in the non-DS population from all causes among those aged 65 years was found to be ,5% and it increased to 13% for those aged .65 years [13] . It is believed that this high incidence of dementia in the DS population is due to the extra copy of chromosome 21, which codes for the b-amyloid (Ab) precursor protein (APP) gene. Studies by Hyman and colleagues have shown that the level of amyloid deposition in the brains of individuals with DS is higher than in individuals with AD [11, 14] . This may be particularly true in individuals with the trisomy 21 variant, the most common cause of DS.
Definitive diagnosis of AD relies on the demonstration of amyloid plaques and neurofibrillary tangles at autopsy [15, 16] . The time course of amyloid deposition in AD has not been definitively elucidated, but evidence gained through postmortem studies of individuals with DS suggests that amyloid deposition begins over a decade before the clinical symptoms of dementia. Studies in carriers of PS-1 mutations have shown clear evidence that Ab deposition predates dementia by at least 10 years [17] . Unexpectedly, PiB retention in some presymptomatic PS-1 mutation carriers appears to begin in the striatum [17] , an area affected later in the course of late-onset AD [18] .
This report describes a pilot study using PiB positron emission tomography (PET) in nondemented DS subjects. The objectives of this study were threefold. First, we sought to demonstrate the feasibility of conducting PiB PET studies in this special population. Second, we sought to assess the pathophysiological process of fibrillar Ab deposition in the brains of DS subjects of increasing age. Finally, PET data from these subjects were compared with historical PiB PET data obtained from normal control subjects between the ages of 35 and 80 years.
Methods

Participant characterization
Subjects were recruited over a 22-month period from our university's adult DS center and psychiatric clinic for adults with developmental disabilities. In addition, letters were sent out to families with DS patients in western Pennsylvania (using the DS center's database). Interested families were contacted by telephone and underwent a thorough screening to determine study eligibility (i.e., subjects with a history of claustrophobia, with metal in their bodies, or with a current AD diagnosis were excluded). As a result, all subjects who were invited to participate in the study met study inclusion criteria. All subjects and their caregivers (when appropriate) provided informed consent for both clinical examination and the PET imaging protocol. This study was approved by the Human Use Subcommittee of the Radioactive Drug Research Committees and the Institutional Review Board of the University of Pittsburgh. Subjects had to be at least 20 years of age, have an intelligence quotient of 40, and have documented evidence of trisomy 21. Subjects could have no evidence of significant cognitive decline over the previous 1 year using a "Stability/Decline Scale" designed specifically for this study (see later in the text). Other exclusion criteria included any significant disease or unstable medical condition that could affect neuropsychological testing and conditions for which magnetic resonance imaging (MRI) was contraindicated.
Initial screening
Participants initially provided consent and were subsequently assessed to obtain baseline measures of cognitive and adaptive functioning using the measures mentioned in the following text.
Stanford-Binet Abbreviated Battery IQ
All subjects were given the Stanford-Binet Abbreviated Battery IQ [19] to obtain an updated estimate of cognitive functioning. The Stanford-Binet Abbreviated Battery IQ includes both a verbal and nonverbal subscale and produces an abbreviated intelligence quotient score (mean: 100; SD: 15) as well as a mental age.
Severe Impairment Battery
The Severe Impairment Battery [20] is composed of 40 simple one-step command items that are scored on a 3-point scale. Overall, scores can range from 0 to 100, with lower scores indicating greater levels of impairment.
Stability/Decline Scale for DS
The Stability/Decline Scale for DS was developed specifically for the current study. Caregivers who had consistent and substantial (4 days/week) contact with the subject for at least 1 year were asked to rate the subject's functioning in areas of language, understanding, memory, self-care, and work/social functioning using a 3-point scale (as being better, unchanged, or worse). Any report of worsening function in any of the five areas was followed up with unstructured questions to determine whether the change was clinically significant. Any subject with a verified decrement in functioning was excluded from the study.
Image acquisition and analysis
Subjects who met inclusion criteria at the conclusion of the initial assessment were scheduled for imaging studies. PET and MRI were performed within 5 weeks of cognitive assessments.
Magnetic resonance imaging
Before the PET imaging sessions, a spoiled gradient recalled MR scan (1.5 T) was obtained for each subject for MR-PET image co-registration and anatomical region-ofinterest (ROI) definition, as described previously [21, 22] . The MR-based partial volume correction corresponded to a two-component approach that corrected the PET PiB and fluorodeoxyglucose measures for the dilutional effect of expanded cerebrospinal fluid accompanying normal aging or disease-related cerebral atrophy [23] . ROIs were separately hand-drawn on the co-registered MR image and included the following: frontal cortex; anterior cingulate/medial frontal cortex; lateral temporal, mesial temporal, occipital, parietal, precuneus/posterior cingulate, and sensorimotor cortices; anterior-ventral striatum; pons; and subcortical white matter. A cerebellar ROI was used as the reference region. These regions have been previously described in detail [24] .
PiB PET imaging
High specific activity of [ 11 C]PiB was produced as described previously [22, 25] . The subjects were then injected with 15 mCi of [ 11 C]PiB and were allowed to relax quietly in a chair for approximately 25 minutes, after which they were placed on the scanner table. A 10-minute transmission scan was followed by a 20-minute PiB PET study (4 ! 300-second frames) from 40 to 60 minutes after injection, acquired as participants rested with eyes open in a quiet, dimly lit room. Analysis of the PiB PET data used the standardized uptake value ratio (SUVR) at 40 to 60 minutes postinjection. To determine the SUVR, the SUV was first determined by normalizing the regional tissue radioactivity concentration to injected dose and body mass (unitless measure, assuming 1 g/cm 3 tissue density), and each regional SUV was then divided by the SUV value of the cerebellar reference region that is representative of free and nonspecific radiotracer retention. These SUVR values obtained at 40 to 60 minutes postinjection have been shown to compare favorably with measures of PiB retention, based on arterial data [21, 26] .
Results
Eight subjects consented to participate in the study and completed the initial screening assessment. Seven subjects completed the scanning component of the protocol (the eighth subject completed the MRI scan but was unable to complete the PiB PET scan). Table 1 provides demographic information for the eight subjects. Subjects ranged in age from 20 to 44 years, and the sample included six males and two females. All subjects functioned within the moderate range of intellectual disability, with mental ages ranging from 4 years 3 months to 6 years 4 months. All of these subjects were cognitively stable and considered nondemented when enrolled.
The PiB images of the two oldest DS subjects (subjects 1 and 4) are shown in Figure 1 . The pattern of PiB retention in subject 1 was very similar to that seen previously in late-onset AD patients [18] , except for relatively increased signal in the striatum. This striatal predominance was even more marked for subject 4, who had PiB retention almost restricted to the striatum. This pattern was very reminiscent of PiB retention in presymptomatic PS-1 mutation carriers [17] . The other five younger DS subjects showed no evidence of specific PiB retention in neocortex ( Figure 2 ) and appeared very similar to PiB-negative cognitively normal control subjects [18, [27] [28] [29] . Further, all SUVR data were analyzed using pons as a reference region, and no differences were observed when compared with SUVR cerebellar data.
Quantitative SUVR data demonstrate that subject 1 had PiB retention in the lower end of the AD range in frontal cortex, anterior cingulate cortex, precuneus/posterior cingulate cortex, anterior-ventral striatum, and lateral temporal cortex (Figure 3 ). This subject also had more modest elevations in parietal and sensorimotor cortices relative to control subjects and the other DS subjects (Figure 3) . No elevation in PiB retention was observed in mesial temporal or occipital cortices, or in the pons and subcortical white matter areas of subject 1. As the images would predict, subject 4 showed a quantitative increase in PiB retention only in the striatum (Figure 3 ). This subject tended to be at the top of the range of the younger DS subjects in all of the other cortical areas in which PiB shows large increases in AD, but these values were still well within the PiBnegative control range. Charts of five subjects who continue to be followed were reviewed to determine whether any changes in status had been noted. As indicated in Table 1 , four of the five subjects had no evidence of symptoms suggestive of AD at follow-up after 3 to 5 years. However, subject 1, whose pattern was very reminiscent of PiB retention in late-onset AD subjects, was diagnosed with AD approximately 1 year after participation in the current study.
Discussion
This article describes a pilot study using PiB PET in adults with DS. The study results demonstrate the feasibility of conducting PiB PET scanning in this special population. Seven of eight subjects successfully completed the MRI/PET scanning protocol. Although all subjects were deemed to be free of dementia (and did not display any recent changes in adaptive functioning), one subject showed evidence of a pattern of PiB retention that was similar to that seen in late-onset AD patients, and another subject displayed focal PiB retention in the striatum, a pattern similar to that observed in presymptomatic PS-1 mutation carriers [17] . Additionally, these data also support the recent findings of the pilot study by Landt et al. [9] , demonstrating an age-related increase in PiB binding in DS subjects with and without dementia. PiB retention in this small DS cohort appeared to be related to age; the single subject aged .40 years was the only subject who displayed a pattern of PiB retention suggestive of late-onset AD and who subsequently converted to AD at follow-up.
It is important to note that although only two subjects displayed PiB retention, this does not preclude the presence of some type of Ab deposition in the brains of the younger DS subjects. It has been shown that one subject who displayed no evidence of PiB retention at the time of the PET scan, showed pathological evidence of diffuse neocortical Ab plaques at autopsy 3 years later [30] . Indeed, it has been reported that extensive oligomeric Ab deposits can exist in subjects with DS [31] . Additionally, it has been reported that amyloid is primarily found in the form of diffuse neocortical plaques in the brains of younger individuals with DS (,30 years) [32] . It has been shown that PiB stains compact/cored plaques more prominently than diffuse plaques [33] .
It is of interest to note the similarity between the striatalpredominant pattern of Ab deposition observed in the two nondemented DS patients aged .38 years and the striatalpredominant pattern of Ab deposition previously reported in nondemented carriers of mutations in PS-1, APP, and, perhaps, PS-2 genes [17, [34] [35] [36] [37] . The apparent commencement Fig. 1 . Pittsburgh compound B (PiB) standardized uptake value ratio images of two PiB-positive subjects with Down syndrome (DS). Axial images are shown at the top and sagittal images at the bottom. Note that the scan of subject DS-1 is very similar to those seen in late-onset Alzheimer's disease (AD) (17) , but with a predominant striatal signal. High PiB retention in subject DS-4 is mainly limited to the anterior striatum, similar to presenilin-1 mutation carriers (16) . Fig. 2 . PiB standardized uptake value ratio images of five PiB-negative subjects with DS. The axial images are shown at the top and the sagittal images at the bottom. Note that all of these scans are typical of normal control subjects and show only nonspecific PiB retention in white matter.
of PiB-detectable Ab deposition in the striatum of these two groups is distinct from that in late-onset AD, where the first sites of Ab deposition appear to be in the midline orbitalfrontal region and the precuneus, although the striatum is later involved in essentially all AD cases [18, 27, 28] . The cause of this early, focal striatal Ab deposition in autosomal dominant early-onset AD is not known. Detection of a similar phenomenon in nondemented DS patients suggests that a common thread may be either overproduction of the longer, more aggregation-prone Ab-42 peptide or regional metabolic or clearance differences that are displayed with Ab overproduction in these two younger cohorts. Interestingly, it has been reported that in an animal model of DS, overexpression of APP in the striatum appears to peak earlier than in neocortical areas [38] .
In summary, although the findings in this study may not necessarily be representative of the general adult DS population, given the small sample size, this study suggests that a larger, longitudinal study of this population is warranted and feasible. Additionally, studies that include an extended age range beyond 50 years may yield further information. It is important to determine whether the presence of amyloid deposition at baseline is a predictor of the subsequent development of dementia in this DS population, as was demonstrated in one of the subjects reported here. One of the possible challenges to conducting longitudinal scans with this population would be the possibility of limited cooperation among subjects who begin to show evidence of symptoms of dementia. In fact, a limitation of the current study was that the feasibility of conducting a PET scan in individuals with DS and dementia was not tested. Although preliminary in nature, the present study demonstrates that PiB PET imaging is possible in the DS population using current standardized scanning protocols. To our knowledge, these data also represent the largest cohort of nondemented DS subjects with PiB PET. These data further demonstrate that PiB retention is evident among the older DS subjects studied here in a pattern similar to that observed in PS-1 mutation carriers. Fig. 3 . PiB retention in clinically unimpaired control subjects (red triangles), DS subjects (circles), and AD patients (blue squares). The cutoff between PiBpositive and PiB-negative for each brain region is shown by a white bar. Black diamonds demonstrate the mean 6 SD for the control and AD groups. Subject DS-1 is marked with an "x" inside the circle, and subject DS-4 is marked with a filled black circle. Brain area abbreviations: FRC, frontal; ACG, anterior cingulate gyrus; PRC, precuneus; AVS, anterior ventral striatum; LTC, lateral temporal; PAR, parietal; MTC, mesial temporal; OCC, occipital (includes calcarine); SMC, sensorimotor; PON, pons; SWM, subcortical white matter.
